[1] Cloudiness over the Tibetan Plateau is difficult to estimate because ground-based measurements are sparse. Satellite observations are thus the best tool and one of the longest climatologies available, the International Satellite Cloud Climatology Project (ISCCP), relies on passive remote sensing to characterize cloud cover and altitude. Active remote sensing from space is used to assess the accuracy of the ISCCP observations over the Tibetan Plateau. August 2006 is chosen to conduct the assessment and compared to February 2007. Cloud cover from ISCCP is underestimated by about 18%, in part because of misdetection of low-level clouds at night. ISCCP cloud top pressures are overestimated by about 150-200 mb in August and 60-130 mb in February. However, the most accurate ISCCP cloud top pressures, with a maximum bias of about 50 mb, are obtained when there are thick single-layer clouds. Within the region, there is no evidence that the differences are directly dependent on elevation. Problems identified in other regions, such as multilayer clouds and optically thin clouds, explain most of the discrepancies in our study region. These results indicate that ISCCP cloud retrievals can be used to compile a realistic climatology at the highest altitudes where single-layer clouds dominate and that the retrievals are most accurate in winter.
Introduction
[2] High-altitude regions have been found to experience a greater rate of warming than most regions on Earth [Beniston et al., 1997; Beniston, 2003] . The Tibetan Plateau, the highest and largest plateau in the world, has undergone significant changes during the last decades as revealed from different geophysical fields: an overall warming [Liu and Chen, 2000; You et al., 2008 and references therein] , precipitation and humidity increase in most places [Niu et al., 2004; You et al., 2008; Rangwala et al., 2009] , changes in cloud amount [Niu et al., 2004; Duan and Wu, 2006] , a general retreat in glaciers, especially in the south [Li et al., 1998; Yao et al., 2004] and modifications in land/permafrost properties [Wu and Zhang, 2008; Cui and Graf, 2009] . The Tibetan Plateau had the highest rate of warming in the northern hemisphere between 1955 and 1996 [Liu and Chen, 2000] , with an even greater rate when extending the record to 2007 [Wang et al., 2008] . Because this region plays an important role in both the regional climate and the global atmospheric circulation and is a vital source of fresh water for the most populated area on Earth, it is paramount to understand its climate and the causes of its high rate of warming.
[3] Changes in cloudiness can have a warming or a cooling effect in the Tibetan Plateau [Duan and Wu, 2006] ; therefore it is important to derive a long-term cloud climatology in this remote region. Surface observations in this region are sparse, so satellite observations are the best source of information. The International Satellite Cloud Climatology Project (ISCCP [Rossow and Schiffer, 1999] ) provides a long-term climatology of global cloudiness and should help in understanding the influence of cloudiness in high-elevation regions. However, there are some known problems with this data set, and although it has been evaluated against a multitude of independent measurements [Liao et al., 1995a [Liao et al., , 1995b Jin et al., 1996; Stubenrauch et al., 1999a Stubenrauch et al., , 1999b Rossow and Schiffer, 1999 and references therein] , its accuracy over the Tibetan Plateau and other high-altitude regions is still largely unknown. Li et al. [2006] recently compared ISCCP seasonal cloud type frequency against surface based observations over the Tibetan Plateau. However, they did not investigate the reasons for discrepancy (e.g., more than 20% underestimate in cloud amount, and an overestimate in middle-level clouds) and whether these were specific to this high-altitude region or similar to other regions.
[4] We assess the accuracy of the ISCCP seasonal cloudiness over the Tibetan Plateau by using measurements from the first cloud radar in space CloudSat [Stephens et al., 2002] and the coincident lidar measurements of CALIOP onboard CALIPSO . These two NASA instruments are part of the A-train and follow the same orbit, with a mere 15 s lag. These active instruments provide a full vertically resolved cloud profile measurement, which allows the identification of complicated situations such as thin cirrus over low-level clouds that can cause problems for passive remote sensing. The radar and lidar have very narrow fields of view, so not all points on Earth can be sampled with these instruments. This can create problems for comparisons with instruments that have a much wider view. We propose a method to adapt these measurements to mimic as best as possible the sampling capability of the ISCCP observations.
[5] We define the Tibetan Plateau region as the area within 25°-40°N and 80°-105°E and select high-resolution (nominal 30 km) 3 hourly ISCCP stage DX products [Rossow and Schiffer, 1999] that encompass this area during one summer and one winter month. We conjunctly extract cloud information from the CloudSat-CALIPSO observations obtained over the same region. The first comparison is for the month of August 2006 and assesses the strengths and weaknesses of the ISCCP DX cloud products during a season when a large variety of cloud types should occur. We also perform the same comparison for the month of February 2007, to determine whether any differences we find are dependent on season. We then discuss how problems in the cloud retrievals may impact the ISCCP D1 seasonal cloud climatology over the Tibetan Plateau during the first CloudSat-CALIPSO year (from July 2006 to June 2007).
Data and Method

CloudSat-CALIPSO Cloud Products
[6] In this study, we use cloud information available in the joint CloudSat-CALIPSO product called GEOPROF-LIDAR [Mace et al., 2009] . These files contain the cloud base and cloud top heights of up to 5 layers at the CloudSat horizontal resolution of ∼1.1 km (across and along track). A complete description on how the CloudSat and CALIPSO cloud masks are merged to create this joint product is given by Mace et al. [2009] . CloudSat can detect most clouds but because of some sensitivity limitations, the radar will miss some cloud layers when they have low water content or small particles. On the contrary, CALIPSO is extremely sensitive to optically thin clouds, but the beam is attenuated when clouds are thick, so information on cloud base and on any lower cloud layer is not available. Thus a synergy between the two measurements can provide a better cloud profile with very little limitations. Consequently, the GEOPROF-LIDAR cloud layers are detected with one or both instruments, as illustrated in Figure 1 , that shows an example of a CloudSat-CALIPSO orbit over the Plateau, that occurred near 1800 UTC on 11 August 2006.
[7] Unless otherwise stated, in this study we will use the cloud top height of the highest cloud layer in the joint product, and will refer to it as "CloudSat-CALIPSO," whether it was detected with the lidar or both lidar and radar. We also collect the number of separate cloud layers along each ∼1.1 km profile and the cloud top height of the lowest cloud layer when at least 2 layers are present, and refer to it as "first layer."
[8] A lidar is much more sensitive to optically thin clouds or clouds that contain small particles than a radar. Thus sometimes we will test if a given cloud top height was detected by both instruments or only with the lidar by comparing the joint product with the cloud top height obtained with the radar alone. For this, we will use the GEOPROF files [Marchand et al., 2008] . These files contain the cloud mask derived with CloudSat observations, at the same horizontal resolution as the GEOPROF-LIDAR files. The cloud top heights of the highest layer in the GEOPROF cloud mask will be referred to as "CloudSat-only."
[9] Because the ISCCP cloud top information is expressed as a pressure, European Centre for Medium-Range Weather Forecast (ECMWF) reanalysis geopotential height profiles projected onto the CloudSat-CALIPSO orbit are used to convert the CloudSat-CALIPSO and CloudSat-only cloud top heights into pressures. The GEOPROF-LIDAR files also contain the surface altitude for each profile, as obtained from a digital elevation model (DEM), which we also convert into pressures. To summarize, we will use cloud top height and pressure for CloudSat-CALIPSO and CloudSatonly of the highest cloud layer detected in the ∼1.1 km horizontal resolution vertical profiles. Other products are extracted: the cloud top pressure of the CloudSat-CALIPSO lowest cloud layer when more than one are present, the total number of cloud layers detected per CloudSat-CALIPSO profile, and the surface height and pressure.
[10] There are some known issues with the two active instruments. For example, the surface return is strong in the radar measurements and contaminates the returns up to 1.2 km above the surface, making it impossible to decipher the hydrometeor from the surface signals [Marchand et al., 2008] . This can cause false cloud detections near the surface. However, we find that less than 0.5% of all the profiles we used in our study contain this ambiguity. Nevertheless, if the highest cloud top in a GEOPROF-LIDAR profile is within 1.2 km of the surface and only detected with the radar, the profile is discarded. We find that this has no effect on the average cloud top pressures, but because this problem is found to occur preferentially in clear regions, the CloudSat-CALIPSO cloud amount is overestimated if the profiles are retained. We could have considered these profiles to be clear, but because this is not necessarily the case, this could affect our statistics.
[11] The lidar on the other hand suffers from some misidentifications of clouds and aerosols, i.e., some cloud detections may be in fact aerosols, and this also tends to occur near the surface but in regions close to dust or smoke sources [Liu et al., 2009] . Smoke should not be an issue over the Tibetan Plateau, but dust may be in summer [Tegen and Fung, 1994] , although Liu et al. [2009] find that this affects less than 4% of the profiles collected near source regions. Consequently we keep these profiles.
ISCCP DX Cloud Products
[12] The ISCCP DX observations are available, every 3 h, as 30 × 30 km pixels that contain, among other parameters, the cloud top pressure derived with an infrared channel (IR). A detailed description of the algorithm is given by Rossow and Schiffer [1991 and references therein] . During daytime, a correction is applied to the IR cloud top pressures based on information acquired on cloud optical thickness with a visible channel (VIS). The visible channel allows for a correction of cloud top temperatures when the cloud optical thickness is small [Rossow and Schiffer, 1991] . So here we use two different DX cloud top pressures, one available all day long because it is solely derived with the IR channel (referred to as "IR") and the other only available during the daytime hours, which is the VIS corrected cloud top pressure (referred to as "VIS"). The DX cloud top pressures (IR and VIS) are in fact derived from a single 4 to 8 km pixel (∼5 km on average), but, because of uncertainties in geolocation, this pixel is deemed representative of a larger 30 × 30 km area [Rossow and Schiffer, 1991] . This sampling strategy was initially introduced to cope with the large volume of processed data, and tests revealed a good statistical agreement between keeping all ∼5 km pixels and sampling pixels every 30 km in a given region Rossow, 1991a,1991b; Rossow, 1993] , only rare and extreme events are affected by the sampling resolution.
ISCCP D1 Products
[13] For the ISCCP D1 3 hourly data sets, the DX pixels are collected in 280 km equal area grid cells and arranged into a 42 bin histogram that shows the number of cloudy pixels in 7 possible pressure levels and 6 possible optical thickness ranges during the daytime hours. These histograms are summed over all the optical thickness bins and are used to study the seasonal cloud top pressure variations.
Comparison Method
[14] A given CloudSat-CALIPSO orbit is segmented by selecting profiles that are within 15 km of the center of the 30 × 30 km DX pixel. Figure 2 shows a schematic that represents a possible intersect between a CloudSat-CALIPSO orbit and a DX 30 km pixel. The portion of the CloudSat-CALIPSO orbit selected to match the ISCCP DX pixel is delimited by the 15 km radius circle centered within the 30 × 30 km pixel (the possible location of the 5 km pixel where the ISCCP radiances are observed and processed is also represented in Figure 2 ). All orbit segments are not 30 km long, they can be shorter if the orbit is close to the 30 km pixel edge. For August 2006 (we obtain virtually identical numbers for February 2007), the average orbit segment is 26 ± 7 km long for 5849 intersects (∼23 profiles on average). As mentioned above, the ISCCP DX cloud top pressures are obtained from a 5 × 5 km pixel within a 30 × 30 km region. This means that the area sampled by this smaller pixel is about 25 km 2 . A CloudSat transect is about 1 km wide, thus a ∼26 km long segment would sample an area equivalent to a DX subpixel. In addition to proximity, a time constraint is applied: the profiles selected along the CloudSat-CALIPSO orbit to construct the DX-like observations have to be obtained within 90 min of the 3 hourly DX observations. There will be obvious limitations as a perfect space and temporal match cannot be achieved, but for overcast situations, and on average over a month, the comparison is possible as variability is limited at resolutions below 30 km [e.g., Sèze and Rossow, 1991b] .
[15] Within the area observed in a DX pixel (∼25 km 2 ), the visible and IR radiances used for the cloud retrievals represent an average of the signal emitted by both clouds and the surface if the clouds are not overcast. Consequently, the cloud top pressure reported for each DX pixel represents a radiatively weighted average of the cloud top and surface pressures [Rossow and Schiffer, 1999] . In order to account for the small-scale (≤∼5 km) variations, we averaged cloud top pressures and surface pressures (in cloud-free profiles) along the DX-like CloudSat-CALIPSO orbit segments, and calculated also the standard deviation. This ensures a better comparison in cases when there are broken clouds within the 30 × 30 km 2 area, when cloud optical properties are highly variable, or when thin semitransparent clouds are present. Each DX-like segment is then considered clear if it contains no or only one cloudy profile. We calculate a cloud fraction as the ratio of the number of CloudSat-CALIPSO cloudy profiles over the total number of profiles found within the DX-like segment. For each segment, we also calculate the average CloudSat-CALIPSO cloud top height (of the highest cloud, also using surface heights for clear profiles), the GEOPROF (CloudSat-only) cloud top pressure (averaged again with surface pressure for the clear profiles), the median number of cloud layers, and the average elevation.
[16] For comparison with the D1 ISCCP products, the same segmentation and cloud top pressure averaging techniques are applied to the CloudSat-CALIPSO products, but this time the segment length is fixed. We use 26 km based on the average segment length found above. Because the 26 km portions do not necessarily match a DX pixel, they are arbitrarily divided. These DX-like cloud top pressures are then organized into histograms for each 2.5°× 2.5°D1 grid cell by counting the number of DX-like cloud top pressures that fall into one of the ISCCP pressure intervals. This is done for each GEOPROF-LIDAR file that intersected a given D1 grid cell. Then all the histograms per grid cell are summed over all the GEOPROF-LIDAR files available per season: spring (MAM), summer (JJA), fall (SON) and winter (DJF). To compare CloudSat-CALIPSO with ISCCP histograms, all grid cell histograms are added together and normalized to the total number of cloud detections. The GEOPROF-LIDAR files intersect the Tibetan Plateau region twice a day near 0600 UTC and 1800 UTC. Because the ISCCP D1 histograms are only available during the daytime hours, only the 0600 UTC D1 files are compared with the CloudSat-CALIPSO histograms obtained around 0600 UTC. For the comparison with DX, both crossing times are kept and only the ISCCP IR cloud top pressures are used for the nighttime crossing.
Comparison Between DX ISCCP and CloudSat-CALIPSO Cloud Properties
[17] We start with the high-resolution ISCCP DX products for the month of August 2006. Summer is the monsoon season over the Plateau and includes both synoptic (large) scale and convective (local) scale cloud events. Because of data volume constraints, a month is a good compromise to ensure a reasonable sampling. First we assess cloud detection performance and then compare cloud top pressures. We then conduct the same comparison for a winter month (February 2007) to determine whether our results are season specific.
Cloud Detection Assessment
[18] First we investigate the agreement between the two cloud masks. For the Tibetan Plateau area and the entire month of August 2006, 5849 pixels were available for comparison. They are distributed between 2543 daytime (43%) and 3306 (57%) nighttime observations.
[19] For CloudSat-CALIPSO, we distinguish the DX-like portions that were totally clear (one profile or none with clouds) and those that were fully covered (all profiles have a cloud top pressure), from those with intermediate cloud fractions (ratio of the number of cloudy profiles to the total number of profiles in the DX-like portion). Table 1 gives the number of pixels for each subset defined by either cloudy or clear ISCCP DX pixel and CloudSat-CALIPSO cloud fraction (0, 1 or intermediate).
[20] If clouds are not overcast in the 30 × 30 km DX pixel, because ISCCP and DX-like CloudSat-CALIPSO pixels do not necessarily observe the exact same location on Earth, there may be a greater propensity for the two data sets to disagree when the DX-like Cloudsat-CALIPSO cloud fractions are intermediate (strictly between 0 and 1). For the 967 (17%) of the pixels for which CloudSat-CALIPSO cloud fractions are intermediate, ISCCP detects clouds for 350 pixels that have a median CloudSat-CALIPSO cloud fraction of 0.7 and detects none for 617 pixels that have a median CloudSat-CALIPSO cloud fraction of 0.6. As CloudSat-CALIPSO cloud fractions decrease we expect a greater chance for ISCCP to indicate clear sky. However, the similarity in median cloud fraction between the two subsets does not indicate that disagreements between ISCCP and CloudSat-CALIPSO in cloud cover can be attributed to low CloudSat-CALIPSO cloud fractions. However, because these low cloud fractions indicate variability in cloudiness within the 30 km DX pixel, these pixels will not be retained in the rest of our comparison.
[21] When the CloudSat-CALIPSO cloud fraction is 0 or 1, both data sets (i.e., CloudSat-CALIPSO and ISCCP) agree that there are clouds for 3594 pixels (61%) and agree that there are no clouds for 293 pixels (5%). Then, as shown in Table 1 , ISCCP indicates clear and the CloudSat-CALIPSO cloud fraction is exactly 1 for 923 pixels (∼16%), while ISCCP detects clouds undetected with CloudSat-CALIPSO for only 72 pixels (∼1%).
[22] More than two thirds of the 923 pixels occurred at night when the ISCCP visible channel is not available. It is well known that passive remote sensing can be challenging at night [e.g., Liu et al., 2004] . The distribution of cloud top heights above the surface for these 923 pixels shows a large difference for clouds within 4 km of the surface when compared with the same histogram constructed with the 3594 pixels where ISCCP detects clouds (Figure 3 ). These predominantly nighttime low-level clouds have, on average, vertical extents of 1.6 ± 0.7 km, a top height 2.6 ± 0.8 km above the surface, in areas where the surface is 3.7 ± 1.7 km above mean sea level and where changes in topography are small (0.18 ± 0.17 km standard deviation of surface altitude). The daytime misdetections affect clouds much closer to the surface than at night (not shown). These misdetections are consistent with previous reports of underestimates of low-level cloud amounts with ISCCP Jin et al., 1996] .
[23] The relative difference in average cloud fraction between CloudSat-CALIPSO and ISCCP DX, calculated in the ISCCP 2.5°× 2.5°grid cells covering the Tibetan Plateau (60 cells total) for August 2006, has a mean of 18 ± 11%. This cloud amount underestimate of ISCCP is slightly larger than what previous studies reported [Rossow and Schiffer, 1999 and references therein] . This has little to do with our removing profiles with CloudSat-only cloud top heights within 1.2 km of the surface (see discussion at the end of section 2.2). However, CloudSat-CALIPSO should be more sensitive to clouds than the previous instruments used for comparison with ISCCP. In addition, only a month of data is investigated here. These differences tend to increase from northwest to southeast (not shown), and no correlation was found with the average or the standard deviation of the surface altitude per D1 grid box. The ISCCP snow-ice flag indicates no snow nor ice for all the 2.5°r esolution grid cells. But using higher-resolution measurements, Pu and Xu [2009, Figure 2] show that fractional snow cover is larger to the west than to the east in summer over the plateau, so the presence of snow does not explain the detection issues for this month.
Cloud Top Pressure Assessment
[24] There are 3594 pixels with both instruments detecting clouds (removing pixels where CloudSat-CALIPSO cloud fraction is less than one), 1826 at night (51%) and 1768 during the day (49%). The average difference between ISCCP IR and VIS and CloudSat-CALIPSO cloud top pressures is summarized in Table 2 , and the cloud top pressure distributions are shown in Figure 4 .
[25] Figure 4a shows a peak for high-level clouds at 400 mb for ISCCP IR and above the 200 mb level for CloudSat-CALIPSO, while Figure 4b indicates that the largest peak for ISCCP VIS is at 500 mb, with a secondary maximum around 200 mb and a much smaller peak at 800 mb. There are considerably more clouds above 200 mb detected with CloudSat-CALIPSO than with ISCCP IR and VIS. To evaluate the contribution of optically thin clouds above the 200 mb level that probably only CALIPSO can detect (e.g., the clouds with a top near 15 km between 28°and 30°N in Figure 1) , the CloudSat-only cloud top pressure estimate is also plotted in Figures 4a  and 4b . The distribution based on CloudSat-only does not show a large peak above 200 mb, confirming the presence of high subvisible clouds, but instead two equivalent maxima, one at 200 mb and the other close to 300 mb. This demonstrates that some of the clouds above the 200 mb level detected with CloudSat-CALIPSO are in fact only detected with the lidar, and are thus optically very thin. It is quite probable that these clouds cannot be detected with passive remote sensing: Haladay and Stephens [2009] report a range of optical thicknesses between 0.02 and 0.3 for this type of cloud in the Tropics. However, CloudSatonly cloud top pressure at the peak is still lower than estimated with ISCCP IR and VIS. Thus these extremely thin clouds are not the only cause of the discrepancy.
[26] Overall, there is a larger bias in the ISCCP IR estimates at 192 ± 158 mb than the VIS estimates at 154 ± 195 mb, but with a lower uncertainty and higher correlation (see Table 2 ). When we separate day from night pixels, we find a slightly better agreement between ISCCP IR and CloudSat-CALIPSO cloud top pressures at night. In fact the nighttime bias in Table 2 is close to the bias obtained during the day with ISCCP VIS. With about the same number of IR pixels during both periods, the daynight IR difference cannot be attributed to sampling issues, thus we suspect that this has more to do with the cloud characteristics.
[27] Liao et al.
[1995a] found a tendency for the ISCCP to miss the thinnest of the high-level clouds, which was confirmed in another assessment by Jin et al. [1996] . Also, according to Liao et al. [1995b] and later to Stubenrauch et al. [1999b] , the largest errors in ISCCP cloud top pressures occur when there is more than one cloud layer in the atmospheric column or when the column optical thickness is low. Consequently here we investigate how the cloud optical thickness and the number of cloud layers can explain the differences between ISCCP and CloudSat-CALIPSO over the Tibetan Plateau.
[28] ISCCP provides coincident retrievals of column optical thickness. Figure 5a shows how the difference between ISCCP IR and VIS and CloudSat-CALIPSO cloud top pressure varies as a function of ISCCP optical thickness for August 2006. At an optical thickness of about 10, differences in cloud top pressure are confined within 150 mb for thicker clouds and increase up to 300 mb for thinner clouds. The correction applied for the ISCCP VIS cloud top pressure can be seen to improve the differences for optical thicknesses less than 5. This relationship is similar for (Figure 5b ), although the differences are smaller.
[29] CloudSat-CALIPSO profiles can reveal whether more than one cloud layer is present, and we use the median number of cloud layers for all profiles found in a DX-like portion to indicate if a DX pixel has more than one cloud layer. For the day-night difference in accuracy of the IR retrievals, we find that single-layer clouds occur more often during the day, so we suspect that the better agreement with CloudSat-CALIPSO at night comes instead from a larger occurrence of optically thick clouds at night. Unfortunately, we do not have optical thickness information at night to verify this.
[30] Table 2 and Figure 4 give the results of the comparison when pixels are retained that have (1) only a singlelayer cloud (Figure 4c and 4d) , (2) an optical thickness larger than 10 (Figures 4e and 4f) and (3) a single layer and an optical thickness larger than 10 (Figures 4g and 4h) .
[31] 1. Figures 4c and 4d reveal that the two distributions become similar when only single-layer clouds are kept, although a small peak remains for low-level clouds in the ISCCP distribution not found in the CloudSat-CALIPSO distribution and an overall overestimate of cloud top pressures in the ISCCP can be noticed. The bias is about 120 mb for IR and 80 mb for VIS ISCCP cloud top pressures (Table 2) .
[32] 2. Figures 4e and 4f show a bimodal distribution for high-level clouds with both data sets (ISCCP and CloudSat-CALIPSO) when thick clouds are considered (t > 10), with more high-level clouds found with CloudSat-CALIPSO and an overall bias of 110 mb for both IR and VIS ISCCP cloud top pressures.
[33] 3. The bias is significantly reduced when both restrictions are applied (Figures 4g and 4h) , in particular for the highest of the clouds. Both data sets yield very similar distributions, with a slight bias for all clouds that appears to be larger in the 600-400 mb range. Thick single-layer clouds reveal a bias in ISCCP cloud top pressures of about 50 mb, an uncertainty of about 100 mb and a correlation with the CloudSat-CALIPSO estimates of 0.72.
[34] Some multilayer situations with an optically thick cloud above a low-level cloud will give fairly accurate ISCCP cloud top pressures. Liao et al. [1995b] found that ISCCP high-level cloud top pressures were close to limb viewing measurement estimates for about 20% of their observed multilayer cases. Here the difference in cloud top pressures between ISCCP VIS and CloudSat-CALIPSO was less than 100 mb for 22% of all multilayer cases in August 2006 with an average difference of −6 ± 109 mb.
[35] The remaining uncertainty is, in part, owing to the different nature of the measurements (e.g., passive versus active, IR/VIS versus mm/vis) and errors in collocation and coincidence. One possible measure of the error caused by the collocation is the standard deviation of the cloud top pressure per DX-like segment. This standard deviation represents the variability of the scene and characterizes the minimum possible difference between the two data sets. It is found to be 26 mb on average with a median value of 8 mb, both below the standard deviation of the difference. Thus the collocation problem is not explaining all of the remaining differences. Also, some uncertainties in the ISCCP temperature profiles may be responsible for some of the errors, as previously suggested by Stubenrauch et al. [1999a] , but similarly there may be errors in the ECMWF geopotential height profiles that affect CloudSat-CALIPSO cloud top pressure estimates.
[36] We next investigate how the difference between the two retrievals varies with surface elevation. A previous comparison with an infrared sounder revealed a better performance of ISCCP over high topography for cloud detection [Jin et al., 1996] . Figures 6a and 6b show the difference in cloud top pressure as a function of surface altitude for the ISCCP IR and VIS retrievals, respectively. For both techniques, the difference decreases as a function of altitude. In Figure 6 . Relationship between the difference in CTP ISCCP-CloudSat-CALIPSO and the surface (digital elevation model) altitude averaged in 30 km pixels when using (a) the ISCCP IR retrieval and (b) the VIS algorithm; relationship between surface altitude and (c) the average number of cloud layers and (d) the optical thickness when one single layer is detected. fact, Figure 6c shows that as altitude increases, the number of cloud layers decreases. Figure 6d reveals no clear correlation between column optical thickness and altitude. The difference in cloud top pressure did not show any correlation with variations (standard deviation) in surface altitude within a DX pixel either (not shown). We conclude that ISCCP IR and VIS cloud top pressures are more reliable at higher altitude primarily because multilayer clouds occur less frequently.
[37] Finally, we examine how CloudSat-CALIPSO sampling issues affect the cloud top pressure distributions by comparing ISCCP DX histograms obtained using all DX pixels within the Tibetan region in August 2006 with those that had a temporal and spatial match with the CloudSat-CALIPSO orbits. Figure 7 shows these histograms of cloud top pressures separately for the IR retrievals and the VIS retrievals. There are differences between the subset and the entire set of DX pixels, mainly between 400 and 600 mb for the IR cloud top pressure and also for high-level clouds for the VIS cloud top pressure (around 200 mb). However, it appears that in spite of the CloudSat-CALIPSO low sampling rate, it can still provide reasonable statistics at the monthly scale for this region.
Comparison for February 2007
[38] The same series of tests was performed using February 2007 observations. There are slightly more daytime detections (2733 out of 5060 pixels, 54%) for this month and more occurrences of clear sky pixels according to both data sets (see Table 3 for a summary of the cloud/clear pixel distribution according to both data sets). Similar results are found for the comparison between the two cloud masks; again clouds found close to the surface with CloudSat-CALIPSO are not always detected with ISCCP. The difference in cloud fraction is identical to August, but the variability larger, at 18 ± 15%.
[39] The agreement in cloud top pressure is much better though, probably because the occurrence of single-layer clouds dominates during this winter month (see Table 4 ). However, we also find more occurrences where ISCCP cloud top pressure is smaller than the CloudSat-CALIPSO estimate (note the VIS point at −45 mb in Figure 5b for t ≈ 0.5). Liao et al. [1995b] had also noted this problem for high-level clouds in the mid-latitudes. Here the negative differences are found over pixels fully or partly filled with snow (∼ 90-95% of all pixels with a negative difference in cloud top pressure between ISCCP and CloudSat-CALIPSO). The clouds are mostly single layer (80-90%) and optically thin (77% for VIS, 42% for IR have t < 10), and this is predominantly found with the VIS ISCCP cloud top pressure estimates rather than the IR estimates. This problem concerns 9% of the VIS and 4% of the IR cloud top pressures for February 2007, while this happened for only 3% of the VIS and 1% of the IR pixels in August 2006, also for optically thin single-layer clouds but without snow on the ground. Most of these clouds are found less than 5 km from the surface (80% of the clouds in summer, 48% in winter). The surface properties apparently affect the cloud signal in the visible, and this in turn affects the correction applied to the cloud top temperatures, making the clouds appear colder than they are. This makes the average bias much closer to zero for clouds with an optical thickness less than 10, a single layer, and within 5 km of the surface.
Implication for ISCCP D1 Accuracy Over the Tibetan Plateau
[40] To summarize, differences in cloud detection and cloud top allocation between ISCCP and CloudSat-CALIPSO are unrelated to the unusual topography and rugged terrain of the Tibetan Plateau. In fact, known problems with ISCCP (nighttime clouds close to the surface, multilayer clouds and low optical thickness) affect the accuracy of the ISCCP cloud detection and top pressures as much as they would anywhere else at these latitudes. Consequently, we now evaluate the frequency of occurrence of clouds within 5 km of the surface, of optically thin clouds, and of multilayer clouds at the seasonal scale to determine the overall accuracy of ISCCP D1 cloud retrievals over the Tibetan Plateau.
[41] Figure 8a shows the frequency of occurrence of single versus multilayer clouds by season. Multilayer clouds tend to occur more often in summer and less often in winter. Thus errors in cloud top pressure caused by multilayer clouds should be much reduced during winter.
[42] Figure 8b shows the frequency of occurrence of nighttime clouds below 5 km. Low-level clouds that may not be detected with the ISCCP algorithm tend to occur less often in summer and most often in the intermediate seasons.
About 25% of the low-level clouds occur in winter and 22% in summer. The seasonal variations are small.
[43] Figure 9 shows the seasonal distribution of ISCCP cloud optical thicknesses over the Tibetan Plateau. The thinnest of the clouds occur more often in winter and least often in summer, and on the contrary the intermediate to thick clouds occur more often in summer than in winter. Thus errors in ISCCP cloud top pressure caused by optically thin clouds should be reduced in the summer. However, larger optical thicknesses in the summer are related to the larger number of cloud layers then, since ISCCP optical thickness characterizes the total column. Thus, errors in cloud top pressures in the summer will be caused by a combination of multilayer and optically thin cloud layers. In the winter, cloud top pressure will be overestimated mostly because of optically thin clouds. Errors in optically thin cloud detection should be about the same for all seasons.
[44] Now that we have examined the seasonal variations in nighttime low-level clouds, in cloud optical thickness and multilayer occurrence, we investigate their impacts on ISCCP cloud top pressure seasonal distributions. Figure 10 shows the seasonal daytime cloud top pressure distributions for both data sets (ISCCP versus CloudSat-CALIPSO). Because the CloudSat radar is less sensitive to optically thin clouds than CALIPSO, we use the GEOPROF cloud mask alone to obtain the cloud top pressure of the highest layer in an attempt to eliminate high optically thin clouds from the cloud top pressure distribution ("CloudSat-only"). In addition, we select the CloudSat-CALIPSO cloud top pressure of the lowest cloud layer, to see if ISCCP is in better agreement with CloudSat-CALIPSO when the highest cloud in multilayer situations is ignored ("first layer").
[45] In summer, multilayer cloud situations occur more often than in other seasons, so we compare ISCCP with CloudSat alone to see if the large differences at low pressure levels are related to the presence of thin cirrus that are likely not detectable with passive sensors. Indeed, Figure 10b reveals that the distribution obtained with CloudSat alone is in much better agreement with ISCCP than CloudSat-CALIPSO. In addition, when the top of the lowest rather than highest cloud layer is used, the agreement is slightly better. In winter (Figure 10d ), there are more single-level clouds, and this could explain the lower optical thicknesses than in other seasons. Thus low optical thickness clouds alone would explain the overestimate in ISCCP cloud top pressures. Indeed, when we compare ISCCP with the CloudSat-only or the top of the first layer cloud top pressure distribution, the agreement with ISCCP is slightly better but the improvement is not as large as in the summer. The slight underestimate of the winter low-level cloud occurrences in ISCCP could be caused by misdetections (Figure 8b ). The fall distributions (Figure 10c ) resemble the winter ones, but the improvement when using CloudSatonly or the first layer cloud top pressure is slightly greater than in winter. The spring distributions (Figure 10a ) resemble the summer ones, although with less high-level clouds detected with CloudSat-CALIPSO and a smaller improvement when CloudSat-only or the first layer are used. [46] For all four seasons, the CloudSat-only and first layer cloud top pressure distributions are close to one another, suggesting that when more than one cloud layer occurs, the highest cloud layer is optically thin and often detected only by CALIPSO. Consequently, the remaining difference between ISCCP and CloudSat-only or the first layer cloud top distribution can be attributed mostly to the occurrence of optically thin clouds. This difference is fairly consistent from one season to another, suggesting that the distribution of optical thicknesses of the lowest or single layers is fairly similar from one season to another. In addition, the difference in cloud top pressure at the peak of the distribution for all seasons is about 100 mb, which is close to the accuracy in ISCCP cloud top pressure we found in the August 2006 and February 2007 comparisons (Tables 2 and 4) .
[47] Li et al. [2006] conducted their comparison between ISCCP and ground observations using a high-middle-low cloud classification, so we also constructed histograms of the frequency of occurrence of each cloud type normalized to the total number of cloudy and clear sky observations (Figure 11 ). There are more high-level clouds detected with CloudSat-CALIPSO than ISCCP but the seasonal variations are similar, with a maximum in summer and a minimum in winter. Mid-level cloud occurrences are overestimated in ISCCP, and the seasonal variations are in opposite phase to CloudSat-CALIPSO, most likely because some seasons (e.g., winter) are not as affected by the multilayer cloud problem as others (e.g., summer). The frequency of occurrence of low-level clouds is small for both CloudSat-CALIPSO and ISCCP, and the seasonal variations appear out of phase. However, the frequencies are so small that it is difficult to evaluate if the phase difference is significant. When compared with Figure 2 of Li et al. [2006] , the seasonal variations for ISCCP D2 are very similar for the three cloud levels to what we observe with D1, even if they use several years of observations instead of just the one here. If we compare the CloudSat-CALIPSO distribution with their weather station reports, it is clear that although the high-level clouds show similar seasonal variations, the midlevel and low-level clouds do not. This highlights how different ground-based reports of cloud level can be from the actual cloud level distributions. Tibetan Plateau revealed that the largest discrepancies between ISCCP and the active measurements occurred in multilayer cloud situations or when the cloud optical thickness was below 10 (consistent with Liao et al. [1995a Liao et al. [ , 1995b , Jin et al. [1996] and Stubenrauch et al. [1999b] ) and are not directly correlated with surface elevation. We verify that CloudSat-CALIPSO low sampling rate in the region does not affect our conclusions.
Conclusions
[49] Consequently, we investigated the seasonal variations in multilayer cloud occurrence and cloud optical thickness distribution over the Tibetan Plateau. The occurrence of multilayer clouds is largest in summer when high-level optically thin clouds occur more often than in the other seasons. These clouds are very tenuous as only CALIPSO is able to detect them. The origin of these subvisible clouds in association with lower cloud layers in summer will be the subject of future research. Otherwise, when single-layer clouds are detected, the error in ISCCP cloud top pressure is of the order of 100 mb, and mainly caused by variations in cloud optical thickness. As far as detection capability is concerned, ISCCP experiences problems when low-level clouds are found within 4 km of the surface, and this is not correlated with the presence of snow on the ground, nor season-dependent. For all seasons, the highest elevations in the Tibetan Plateau seem to have less multilayer cloud occurrences, which will ensure much smaller biases than at lower elevations. This is encouraging for the use of the ISCCP climatology in high-elevation regions where surface stations are scarce.
